This study focuses on the fabrication and the characterization of solar cells using highly doped boron-phosphorus compensated n-type multicrystalline silicon. Two ingots were used and compared for this study. One ingot was crystallized from a silicon feedstock purified via the metallurgical route. The second ingot was crystallized from an electronic grade silicon feedstock in order to be metallic impurity free. Both ingots were intentionally compensated with a similar boron and phosphorus amount in the initial feedstock. Chemical and electrical characterizations were carried out on each ingot and similar carrier lifetimes were reported. Large area solar cells were fabricated on wafers selected at different positions along both ingots with a reference fabrication process leading to 18.4% efficiency on FZ material. No differences in terms of cells performances were observed between both ingots. Efficiencies between 13.5% and 15.0% were reported and were found to be limited by the low resistivity values of this material. This is consistent with the carrier lifetime previously measured which underlines the weak influence of the metallic impurities initially present in the wafers. Some perspectives are given in terms of feedstock specifications to exploit the potential of this material.
Introduction
The silicon (Si) feedstock, the ingot growth and the wafering steps represent between 30% and 50% of the overall photovoltaic (PV) module cost [1] . The use of Solar-Grade Si (SoG-Si) produced with simplified purification process [2] represents an issue to reduce the fabrication costs of the PV module. SoG-Si purified via the metallurgical route (SoG M -Si) will contain more impurities than Electronic-Grade Si (EG-Si). Most studies in this field are based on p-type Si due to the possibility of using the current industrial cell fabrication process. Nevertheless, n-type SoG M -Si could be a potential candidate for several reasons:
Very weak Light-Induced-Degradation (LID) effect was reported [3, 4] . This is mainly related to a higher capture cross section for electrons than for holes [5] when BO i2 complexes are involved [6, 7, 8] .
n-type Si also shows a reduced sensitivity to several metallic impurities [9, 10] such as iron, titanium or vanadium.
Therefore, n-type SoG M -Si could be a potential candidate for the fabrication of efficient and stable solar cells. However, very few investigations were carried out on this material.
The purpose of this study is to analyse the potential of n-type multicrystalline Si (mc-Si) purified via the metallurgical route and to define the required specifications to fabricate efficient solar cells assuming a low-cost scenario in terms of purification process. This leads to a limitation in terms of dopant impurities concentration in the initial feedstock ([B] > 1.5ppmw, [P] > 10ppmw). Indeed, for p-type Si, a boron concentration of 0.3 -0.4 ppmw in the initial feedstock is required to reach acceptable and stable efficiencies (> 16.0%) [11] . Nevertheless, the purification process for such specification remains more complex and is as a consequence more expensive.
Experimental details
Two 8 kg B-P compensated n-type mc-Si ingots were grown for this study. One ingot was crystallized from an EG-Si feedstock and the other from a SoG M -Si feedstock, containing a similar amount of B and P (see Table 1 ). There was no addition of doping species during crystallization. The SoG M -Si feedstock was purified using several steps of directional solidification steps for metallic impurities and P removal plus a plasma torch for the B removal. More details on the purification and the crystallization process are given in [12] . The ingots were sliced into 125 × 125 mm² wafers at a thickness of 200 µm. For chemical characterization, several wafers were selected along the ingot height and Glow Discharge Mass Spectroscopy (GDMS) measurements were carried out.
The wafers' resistivity ( ) along the ingot was measured using the four point-probes measurement technique. The carriers' lifetime ( ) was measured with the Quasi-Steady-State-Photoconductivity (QssPC) method at an injection level p = 1.10 15 cm -3 . This method also requires the knowledge of the electron (µ e ) and hole (µ h ) carrier mobilities. The effects of compensation on µ e and µ h were -at least partially -taken into account using Arora's mobility model [13] based on the GDMS results for [B] and [P] . For the carrier lifetime measurements, the wafers were first chemically polished in order to remove the saw damaged layers and then electrical passivation of the surfaces was achieved with plasmaenhanced-chemical-vapor-deposited (PECVD) hydrogenated Si Nitride (SiN:H) layers on both sides.
The solar cells were fabricated on wafers selected at different positions along the ingot's height. The main fabrication steps are given in Fig 1. The boron diffusion was achieved at 925°C, and the thermal oxide for emitter passivation was 10 nm thick.
The fabricated solar cells were then measured in terms of short circuit current (J sc ), open circuit voltage (V oc ), fill factor (FF) and energy conversion efficiency ( ) by standard I-V measurements (AM 1.5 at 25 °C). 
Results and discussion

Chemical characterization of the ingots
Electrical characterization of the ingots
The and effective carrier lifetime ( eff ) profiles are given in Fig 3. For both ingots, the decreases steadily along the ingot's height, and except for the first 20% of the brick the profiles are similar. The eff profiles are also similar for both ingots, which indicate that the electrical properties of the material are mainly limited by the high doping concentrations [B] and [P] rather than the metallic impurities. There is an increase in eff for the part located below 20% of the ingots' height, and then eff decreases steadily to values of less than 10 µs towards the top of the ingots. The low eff measured in the first 20% of the ingot could be explained by a contamination from the crucible during ingot's growth also known as "red-zone" and by a reduced grain size. 
Solar cells results
125 × 125 mm² solar cells were processed on wafers selected at several positions along the ingots height using the processing sequence given in Fig 1. The same process applied on monocrystalline FZ nSi wafers led to an efficiency of 18.4% [15] and 16.2% (see Table 2 ) on uncompensated n-type EG mc-Si wafers ( = 4.5 .cm). The measured FF didn't show any trend along the ingot height, as well as the V oc . Fig 4 shows .cm where the initial eff is the weakest. It means that the gettering steps occurring during the process, such as the phosphorus diffusion are able to remove efficiently undesirable impurities. J sc is also clearly dependent on the , i.e. the net doping n 0 and is the main factor limiting the . Table 2 . I-V parameters of the best cell for both SoGM-Si and EG-Si ingots measured at standard I-V measurement. The cell of the SoGM-Si ingot measured at 15.0% was independently certified at 14.9%.
Best cell of each ingot
Voc (mV) The ranges between 13.7% and 15.0% for the SoG M -Si ingot depending on the of the wafer. Further improvements in the fabrication process such as a reduction in shadowing due to the front metallization (200 µm to 100 µm) and the development of an acidic texturing instead of an alkaline one should lead in an increase in J sc of about 1 mA/cm². Thus, the maximum efficiency should reach 16.0%.
These results show that for reaching the highest performances with this material, the wafer's initial must be preferably higher than 0.4 .cm. The upper limit in terms of for optimum is not known in this study. Nevertheless such value is strongly limited due to the initial high doping species concentration. As a consequence, the dopant specifications of the initial feedstock will have a major impact on the interest in using n-type SoG M -Si.
Conclusion
In this study, we investigated the potential of n-type SoG M -Si for fabricating solar cells via a direct comparison with an intentionally B-P compensated EG-Si ingot. The objective was to select a silicon feedstock with relatively high doping concentrations ([B] = 1.5ppmw, [P] =11ppmw) in order to consider a low-cost scenario in terms of purification process. It was showed that n-type industrial process including high temperature boron diffusion and thermal oxidation was compatible with such material. Efficiency between 13.5% up to 15.0% was obtained on large area solar cells. A strong correlation of the cell performances with the material's resistivity was highlighted. More precisely, the electrical quality of the material seems to be limited by the resistivity. Due to the low segregation coefficient of phosphorus into silicon, a large fraction of the ingot presents a range of resistivity too low to expect the fabrication of highly efficient solar cells. In terms of material's specifications, a minimum value of resistivity of 0. 4 .cm is required to expect an efficiency of 16.0 %. As a consequence, this study shows that n-type SoG MSi is a very promising candidate for next generation of solar cells as condition issues can be solved in terms of doping engineering to fabricate ingots with homogeneous resistivity values above 0.4 .cm.
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